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Control  of  PHA  synthesis 

Recently  our  research  has  been  focused  on  the  effect  of  oxygen 
concentration  on  PHA  production.  We  are  currently  using  two  organisms, 
Rhodospirillum  rubrum  and  Pseudomonas  oleovorans ,  to  investigate  oxygen's  role 
in  polymer  formation.  It  has  been  obseirved  that  aeration  conditions  affect  cell 
growth,  polymer  content  and  polymer  yield. 

Rhodospirillum  rubrum  was  grown  anaerobically  in  the  light  with  acetate  as 
a  carbon  source.  Under  these  conditions  PHA  constituted  about  2  to  5%  of  the 
cellular  dry  weight.  These  culture  conditions  were  then  altered  by  the  addition 
of  oxygen.  When  R.  rubrum  is  grown  in  the  light  with  oxygen  the  photosystem 
becomes  photo-oxidized,  a  condition  stressful  to  the  cell.  These  changes  cause 
the  cell  to  utilize  aerobic  metabolic  pathways.  These  experiments  showed  that 
after  aeration,  growth  increased  as  well  as  polymer  production.  Cell  dry  weight 
increased  from  200  to  almost  800  mg/1,  while  PHA  yield  increased  from  20  to  325 
mg/1.  It  was  also  noted  that  the  pH  of  the  culture  increased  from  6.8  to  about 
9.0. 


Experiments  with  Pseudomonas  oleovorans  have  shown  that,  under  conditions  of 
limited  oxygen,  growth  is  inhibited  and  polymer  production  is  triggered.  In 
batch  cultures,  as  oxygen  concentration  approaches  zero,  cellular  PHA  content 
increased  from  near  zero  to  20%  of  the  cellular  dry  weight.  A  series  of 
experiments  has  shown  at  which  times,  during  the  growth  of  the  organism,  polymer 
production  is  greatest  and  harvesting  gives  maximum  PHA  yield.  Other 
experiments  have  also  been  conducted  which  determined  optimum  nutrient 
concentration  in  the  growth  media.  These  experiments  have  strictly  defined  the 
growth  characteristics  of  P.  oleovorans ,  information  which  is  necessary  for 
establishment  of  a  continuous  culture. 

These  results  will  be  used  by  others  in  different  areas  of  the  project  to 
increase  production  of  novel  PHAs.  These  experiments  also  form  a  foundation  upon 
which  future  experiments  will  be  based.  In  particular  these  results  will  be 
used  to  design  continuous  culture  experiments .  Continuous  culture  techniques 
will  allow  us  to  harvest  large  volumes  of  cells,  which  contain  the  optimum  amount 
of  polymer,  and  also  allow  study  of  biochemical  processes  at  specific  points  in 
the  growth  cycle. 

Biosynthesis  and  Analysis  of  Functional  PHA  from  Rhodospirillum  and  Alcallsenes 

The  major  emphasis  is  to  produce  functional  biodegradable  polymers  and  new, 
totally  biodegradable  polyhydroxyalkanoates ,  PHAs.  The  work  entails  the  use  of 
two  microorganisms,  Rhodospirillum  rubrum  and  Alcaligenes  eutrophus ,  which 
metabolize  the  shorter  chain  acids  (propanoic  acid  to  heptanoic  acid) . 

Ue  investigated  the  production  of  polymers  with  pendent  functional  groups 
by  A.  eutrophus,  in  addition  to  the  well-known  copolymer  poly(hydroxybutyrate- 
co-hydroxyvalerate) ,  P(HB-co-HV) .  Various  acids,  ^-hydroxy  acids,  and 
functional  acids  were  used  as  carbon  sources,  which  were  then  fed  to  the 
bacteria.  So  far,  A.  eutrophus  has  produced  varying  compositions  of  P(HB-co- 
HV) ,  and  has  shown  limitations  in  producing  varying  PHAs. 
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R.  rubnun  shows  greater  versatility  in  producing  unique  PHAs.  As  with  A. 
euCrophus ,  various  carboxylic  acids  were  fed  to  R.  zrubrum.  There  was 
incorporation  of  longer  pendent  groups  (e.g.  propyl  groups)  and  when  grown  on  4- 
pentenoic  acid,  a  copolymer  of  up  to  30  mole  percent  olefin  pendent  groups  was 
obtained. 

Biosynthesis  and  Analysis  of  Functional  PHA  from  Pseudomonas  Oleovorans 

Various  alkanoates  and  ^-hydroxyalkanoates  with  an  additional 
functionality,  such  as  methylbranches ,  doublebonds,  ketone,  hydroxyl  and 
carboxyl  groups,  and  a  derivative  with  a  protected  hydroxyl  group,  were 
synthesized  for  use  as  organic  substrates. 

These  and  some  commercial  alkanoates  with  phenyl-,  p-nitrophenyl- ,  p- 
methoxyphenyl- ,  amino-,  brorao-  and  cyano-substituents  were  each  used  as  the  sole 
carbon- source  to  cultivate  the  microorganism  Pseudomonas  oleovorans,  which  is 
known  to  form  PHA  (poly-^-hydroxyalkanoates)  from  straight  chain  alkanoates  like 
octanoate  or  nonanoate.  Mixtures  of  octanoate  and  methyl  branched  octanoates 
with  varying  composition  were  fed  also. 

The  growth  of  the  bacteria  on  these  substrates  was  determined  by  measuring 
the  optical  density  of  the  culture  and  the  weight  of  the  lyophilyzed  cells.  P. 
oleovorans  grew  on  almost  all  of  the  substituted  alkanoates  moderately  to  well, 
but  sometimes  growth  started  only  after  an  induction  period  of  up  to  ten  days. 

In  some  cases  the  concentration  of  the  carbon  source  was  varied  in  order  to 
optimize  the  growth. 

The  cells  were  examined  for  their  content  of  polymer  by  microscopy,  looking 
for  visible  inclusions  in  the  cells.  The  polyester  content  was  determined 
quantitatively  either  by  GC  analysis  of  the  methanolized  polymer,  after  treating 
the  dry  cells  with  sulfuric  acid  in  methanol,  or  by  the  weight  of  the  isolated 
polymer  obtained  from  solvent  extraction  of  the  lyophilyzed  cells. 

Although  P.  oleovorans  grew  on  almost  all  of  the  substituted  alkanoates , 
polymer  was  only  formed  from  7-methyloctanoate ,  5-phenylvalerate ,  ^-hydroxy-6- 
and  ^-hydroxy- 7 -octanoate.  As  expected  polymer  was  obtained  also  from  the 
mixtures  of  octanoate  with  methyl  branched  octanoates . 
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The  H-  and  CNMR  spectra  of  these  polyesters  showed  that  the  double 
bonds,  the  methyl  branches  and  the  phenyl  group  were  incorporated  into  the  side 
chain  of  the  PHAs.  As  far  as  the  mixtures  of  octanoate  with  methyl  octanoates 
are  concerned,  branched  units  were  incorporated  into  the  polymer  not  only  in 
case  of  the  7-methyloctanoate  but  also  of  6-  and  5-methyloctanoate ,  but  no 
polymer  was  formed  at  all  if  only  these  substrates  were  fed  without  octanoate. 

The  composition  of  the  polymers  and  copolymers  was  determined  by  GC- 
analysis  of  the  methanolyzed  polyester.  To  identify  the  peaks  the  corresponding 
methyl-^-hydroxy-alkanoates  were  synthesized  as  authentic  standards. 

The  polymers  obtained  from  the  alkanoates  and  the  methyl  branched 
alkanoates  contained  mainly  units  of  the  corresponding  /S-hydroxyalkanoates ,  and 


to  a  lesser  extent,  units  which  were  two  carbon-atoms  shorter.  Furthermore  the 
polyesters  obtained  from  the  unsaturated  ^-hydroxyoctanoates  contained  also 
units  with  a  saturated  alkyl  side  chain.  The  polymer  formed  from  5- 
phenylvalerate  was  poly-^-hydroxy-5-phenylvalerate ,  a  pure  homopolymer.  This  is 
truly  a  unique  biopolymer  and  a  remarkable  result,  and  this  finding  offers  great 
potential  for  a  functional  polymer  of  PHA. 

The  molecular  weights  of  the  new  polyesters  determined  by  GPC-analysis 
compared  to  polystyrene  standards  ranged  from  -  200,000  to  300,000  and  - 
120,000  to  270,000.  The  polydispersities  were  very  low  and  varied  from  1.5  to  2.0. 

The  thermal  analysis  with  DSC  showed  that  the  polyesters  with  the  branched 
and  the  unsaturated  side  chains  have  a  glass  transition  at  about  -40  to  -20*C 
and  a  low  temperature  melting  transition  at  approximately  50-60°C.  The  latter 
was  absent  in  the  second  DSC  run  on  cooling  down  the  melt  rapidly. 

A  series  of  new  poly-/3-hydroxyalkanoates ,  PHAs ,  was  also  obtained  and 
analyzed  using  only  Che  compounds  listed  below  as  the  carbon  sources. 


NOMANOIC  ACID 

UNDECANOIC  ACID 

UNDECYLENIC  ACID 

DODECANOIC  ACID 

TRIDECANOIC  ACID 

MYRISTIC  ACID 


The  fermentations  in  this  study  were  carried  out  on  a  12L  culture  scale, 
and  the  reproducibility  was  checked.  Methods  to  obtain  reproducible  PHAs  from 
the  same  carbon  source  were  established.  New  PHA  copolymers  were  prepared  also 
by  using  mixtures  of  two  of  the  compounds  above  as  the  carbon  source,  and 
homogeneous  copolymers  containing  all  of  the  repeating  units  from  both  of  the 
compounds  were  obtained.  The  crystalline  properties  of  all  of  these  new  PHAs 
were  determined. 
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Pseudomonas  oleovorans  was  crown  in  honioccncous  media  containing  n-alkanoic  acids,  from  formate  to 
decanoatc,  as  the  sole  carbon  sources.  Formation  of  intracellular  polr(P-hydroxralkanoates)  was  observed  only 
for  hc.vanoate  and  the  higher  n-alkanoic  acids.  The  maximum  isolated  polymer  yields  were  approximately  30% 
of  the  cellular  dry  weight  w  ith  grow  th  on  cither  octanoatc  or  nonanoate.  In  most  cases,  the  major  repeating  unit 
in  the  polymer  had  the  same  chain  length  as  the  n-alkanoic  acid  used  for  growth,  but  units  with  two  carbon 
atoms  less  or  more  than  the  acid  used  as  a  carbon  source  were  also  generally  present  in  the  polyesters  formed. 

Indeed,  copolymers  containing  as  many  as  six  dilTerent  types  of  P-hydroxyalkanoatc  units  were  formed.  The 
weight  average  nuilecular  weights  of  the  poly(P-hydruxyalkanoatc)  co|)olymcrs  produced  by  P.  oleovorans 
ranged  from  90,000  to  370,000.  In  spite  of  the  higher  cell  yields  obtained  with  oclanoate  and  nonanoate,  the  use 
of  hcxanoalc  and  licpianoalc  yicldc<l  higher-molccular-wciglit  polymers.  These  copolyeslers  represent  an 
entirely  new  class  of  biodegradable  thermoplastics. 


The  al'ilily  of  haclcria  (o  form  intracellular  storage  gran-  oleovorans  to  produce  various  types  of  PHA  liomopolynicrs 

tiles  composed  of  poly(|i-liydroxyalk;inoatcs)  (PHA)  in  gen-  or  copolymers  and  to  incorporate  dilTerent  monomers  into  its 

cr;il,  and  polyip-hydroxybutyratc)  (PHB)  in  particular,  has  storage  polymers.  The  objectives  of  this  study  were:  (i)  to 

been  used  as  :i  parameter  for  the  taxonomic  classification  of  optimize  the  growth  and  culture  eonditions  for  PHA  produc- 

thc  genus  Psetalonionas  (26.  29).  Many  dilTerent  types  of  tion  by  /’.  oleovorans.  including  an  evaluation  of  NH4  ’  and 

pseudomonads  are  able  to  produce  this  storage  polyester.  a  variety  of  organic  substrates  for  further  control  of  polymer 

which  is  usually  formed  under  nutrient-limiting  conditions  production:  (ii)  to  isolate  the  various  polyesters  produced 

(8,  27).  Recently,  it  became  of  industrial  interest  to  evaluate  and  determine  their  monomer  composition  and  molecular 

these  polyesters  as  biodegradable  thermoplastics  for  a  wide  weights:  and  (iii)  to  gain  information  about  the  metabolic 

range  of  possible  applications,  such  as  surgical  sutures.  pathways  of  the  various  carbon  sources  which  were  used  in 

long-term  carriers  for  drugs,  or  molded  plastics  and  films  this  study  for  both  growth  and  PHA  production. 

(16-18).  PHB  homopolymer  and  copolymers  of  p-hydroxy- 
butyratc  and  p-hydroxyvalcrate  are  currently  being  industri¬ 
ally  produced  by  ICI  Ltd.  for  this  purpose  by  the  use  of  MATERIAI.S  AND  METHODS 

Alealigenes  eatrophns.  These  polymers  arc  commercially 

available  under  the  trade  name  Bioptol  (P.  A.  Holmes.  Stock  cultures  of  P.  oleovorans  (ATCC  29347)  were 
European  patent  application  0  052  459,  Oct.  1981).  In  addi-  maintained  on  a  slightly  modified  E*  medium  described 
lion  10  A.  eiilropitiis.  some  cyanobacteria  (e.g..  Aphana-  previously  (Lageveen.  dissertation).  The  medium  contained 

thece  sp.)  arc  also  known  to  form  poly(P-hydroxybutyralc-  the  following  (per  liter);  (NHjljHPO,.  1.1  g;  K^HPO^,  5.8  g; 

co-p-hydroxyvalcratc).  but  their  PHA  content  is  usually  KH2PO4.  3.7  g.  Ten  milliliters  of  a  100  mM  MgSOj  solution 

very  low  (5).  Physical  and  mechanical  properties  of  these  and  1  ml  of  a  microelement  solution  were  added.  The 

copolymers,  such  as  stilTncss.  melting  point,  extension  to  microelement  solution  contained  the  following  (pter  liter  of  1 

break,  and  resistance  to  organic  solvents,  can  change  con-  N  HCI):  FeS04  ■  TH^O,  2.78  g;  MnCl  •  4H2O,  1.98  g; 

sidcrably  as  a  function  of  the  monomer  composition  (2,  14,  C0SO4  •  7H2O,  2.81  g:  CaClj  ■  2H2O,  1.67  g;  CUCI2  •  2H2O. 

31).  0.17  g;  ZnS04  ■  7H20, 0.29  g.  The  carbon  source  was  added 

PHA  extracted  from  sewage  sludge  and  marine  sediments  to  give  a  final  concentration  of  10  to  20  mM.  The  pH  was 

showed  the  presence  of  p-hydroxyalkanoale  units  other  than  adjusted  to  7.0,  and  the  medium  was  autoclaved.  For  the 

p-hydroxybutyrate  and  p-hydroxy valerate  (13.  25.  31).  stock  cultures.  10  mM  sodium  octanoate  was  used  as  the 

which  suggests  the  presence  of  microbial  populations  in  sole  carbon  source.  Solid  medium  was  prepared  by  addition 

these  environments  (hat  are  capable  of  producing  other  of  1.5%  agar.  Cells  were  grown  aerobically  in  liquid  culture 

types  of  PHA.  However,  only  Bacillus  megaterium  (13)  and  for  24  h.  A  sample  was  transferred  to  agar  plates  and  grown 

Pseudomonas  oleovorans  (9;  R.  Lageveen.  Ph.D.  disserta-  for  another  24  h.  The  plates  were  then  stored  at  4°C  for  up  to 

tion.  University  of  Groningen,  The  Netherlands,  1986)  are  3  months.  Cells  from  these  plates  were  transferred  to  liquid 

known  to  incorporate  repeating  units  longer  than  four  or  five  medium  which  was  used  as  an  inoculum  for  all  further 

carbon  atoms  into  their  storage  polyester.  growth  experiments. 

In  (he  present  study,  we  investigated  the  ability  of  P.  Generally,  growth  experiments  were  performed  under 

aerobic  conditions  in  2()0-ml  or  1-liter  cultures  in  a  temper- 

_  aturc-controllcd  shaker  (New  Brunswick  Scientific  Co., 

Inc.;  31°C;  150  rpm).  After  the  medium  was  autoclaved. 
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Studies  have  heen  earned  out  in  <irt/cr  (<t  optitatze  grow  th  and  culture  ctmditions  /nr  f/ie  iH/rm  Jornuition 

<*!  P<dy(/t-hydr<ts\alkan<tales)  (l*UA)  in  f/ie  phototr<pphtc.  purple.  n<ni-sulphur  hucterium  R hodi^Npirilliiin 
ruhruMi.  Its  p<nential  to  produce  tunel  captdynters  was  investigated.  Kccently.  it  has  l>econie  of  indiistruil 
interest  to  evaluate  these  pidvesters  as  potentially  hiodegradahle  plastics  for  a  wide  range  of  pos.sihle 
applications.  On  an  industrial  scale,  the  use  of  pholosynthetic  hacteria  could  harness  sunlight  as  an  energy  source 
(iif  (he  produedon  of  these  nuKerials.  R.  fubrum  mis  grown  anaerohically  in  the  light  on  different  linear  and 
hranched  fldtydro.wcarho.Kylic  acids  and  various  it’alkanoic  acids.  Under  nitrogen-limiting  conditions  a  1*11  A 
ciuitent  of  up  to  of  cellular  dry  weight  was  iletected.  When  R.  rubrum  u«.v  grown  on  differenl 

concentrations  of  various  n-<dkanoic  acids,  intracellular  /*//  A  prmiuction  was  detected  on  all  acids  ustul.  I  n  most 
of  (he  ca.ses,  the  storage  polymer  contained  fl-hydro.Kyhutyrate  (llfl)  and  fl-hydro.Kyvalerate  iliy)  monomer 
units.  Gru»v»i  on  n-idkonoie  acids  with  a  chain  length  oJ  Jour  carhon  atoms  and  more.  R.  rubrum  priHluced  a 
copidymer  containing  the  fi -hydro x\’he.\otuHHe  (//C)  repeating  unit  in  addition  to  the  H B  and  II  y  monomer. 
Using  /l-hydro\yheptanoic  acid  as  the  carbon  source,  a  p*d%e.\(v4  which  contained  II IS.  II  y.  HC.  and  fi- 
hydro.M'heptfuuHtte  Jitrmed.  I hese  c**p<dyesters  represent  a  tutvel  class  of  hunlegradahle  rheniioplastics. 
The  results  demonstrate  the  metahoUc  Jle  \ihility  <»/  K .  rubrum  to  fitrm  many  different  t  vpes  of  ptdyesters  which 
mtghi  substitute  plastics  synthesized  lrot$t  petnH'hemicats. 

Kevwunb:  ni(Hfe^r;i<i;ible  pl;iM*cs;  puly(/( JiydruiyatkanoulCN):  hacicrial  pulyiiicrs:  Khothfypirdhnn  ri«/»rt«rn 


Introduction 

The  phototrophic.  purple,  non-sulphur  bacterium 
Kli<nlospiritliim  rubrum  is  known  to  produce  intracellular 
energy  and  carbon  storage  products  which  have  been 
generally  described  as  being  poly(^-hydroxybutyrate). 
PH  B'  This  particular  polymer  belongs  to  the  family  of 
poly(//-hydroxyalkanoales).  (PHA).  (formula  I).  which 
arc  formed  as  intracellular  inclusions  under  unbalanced 
or  stressed  growth  conditions,  i.e.  in  the  presence  of 
sulTicicnt  carbon  or  energy  source  and  a  limiting  nutrient 
or  growth  factor’-* 


I 

)— CH— CH 


(I) 


-J) 


•  T<*  wImhh  ctHrctpiHHicnci:  xImmiU  tv-  mkIrcMtul. 


R  =  n-alkyl  pendant  group  of  variable  chain  length 


HB.  R=  methyl 
HV.  R=  ethyl 

HC.  R=n-propyl 
HH.  R  =  n-butyl 
HO.  R  =  n-pcntyl 
HN.  R  =  n-hcxyl 

HD.  R  =  n-hcptyl 
HUD.  R  =  n-octyl 
HDD.  R  =  n-nonyl 

Thus,  reducing  equivalents  originating  from  metabolic 
oxidation  processes  arc  stored  in  a  chemically  and 
osmoiically  inert  form'-’.  The  ability  of  cells  to  prtKiucc 
PHA  is  widespread  among  micro-organisms  and  a 
variety  of  bacterial  strains  is  captibic  of  forming  this 
intracellular  pttlycstcr'.  Generally,  environmental 
e<«ndilions  and  physiological  abilities  «*f  the  bacteria 


